Background Collecting anthropometric data for real-life applications demands a high degree of precision and reliability. It is important to test new equipment that will be used for data collection.
Introduction
When studies require the gathering of anthropometric data for the design of new products it is very important to ensure that the results appropriately reflect the characteristics of the studied population [1, 2] . The importance of precision, reliability and validity of anthropometric data has been frequently studied [3, 4] . However, reports on physical measurements in human populations frequently do not include estimates of measurement errors [5] . Reliability and the appropriate representation of the reality is also crucial is when using new measuring techniques and equipment. In this case it very important that the results obtained are close to the real value and are similar to the already proven methods. Most importantly, whatever the application or method used, the measurement of the human form needs to be practical and accurate [6, 7] .
Until recently, anthropometric measurements have been limited to traditional manual techniques, using anthropometers, calipers and measuring tapes. These techniques are simple to use and inexpensive but they also have some inherent limitations. Among these are: need for careful equipment calibration and trained observers; time-consuming nature of multiple measurement acquisition; and participants' compliance [8, 9] .
According to Geeta et al. [10] , traditional anthropometry is usually the most error prone and with the lowest correlation coefficients when compared with other measuring techniques. Studies have shown that if the measurements are taken by different observers there can be differences of over 33mm and that differences of this order may not be detected with a measuring tape, especially in girth measurements [11, 12] .
Nowadays, these limitations are being overcome by the use of anthropometric measuring systems that use computer-based techniques, like three-dimensional body scanners. Body scanners proved to be an efficient and versatile equipment that is less time-consuming and invasive than hand-measurements [13, 14] . The data obtained can be stored and used as a reference for changes in shape and size of the human body in life-long studies or for many other applications ranging from determining garment sizes for the clothing industry [15, 16] to researching anthropometric measurements to identify patients with scoliosis or other diseases [17] . Nevertheless, these systems can also be error prone and must be evaluated and validated before a substantial use [18] [19] [20] . The most important evaluation criterion for all new measurement technologies is the ability to obtain reliable, precise and accurate data [21] .
There are many alternative body scanning systems using a variety of technologies, wich include (i) 2D silhouette images converted to 3D models, (ii) white light phase based image capture, (iii) laser-based image capture, and (iv) radio-wave linear array image capture [22, 23] . More recently systems have been developed that use infrared light sources. Table 1 briefly describes the various types of technology available for 3D body scanners. Table 1 . Types of technology used by 3D body scanners (Adapted from Daanen and Haar (27) ).
Type of technology Description
Laser line systems A laser line, projected on the body from all sides, is viewed by cameras that are triangulated at a fixed angle. The advantage of a single line is that the sensor can easily detect it and very accurately compute how the projected 2D line is deformed over the 3D surface. The sequential captured 3D lines (generally taken at 1 or 2 mm increments) are then merged to form the complete 3D image.
Structured light systems / Photogrammetry
A structured light system projects a full structured light pattern into the surface of the body from the front and from the back and, from the sensed deformed pattern, a full 3D image is calculated. This light pattern can consist of dots, bars, or any other patterns. There is a specific type of structured light scanner that uses a pattern of near-infrared, invisible for the human eye, but visible for its sensor. The advantage of a structured light scanner is the speed of capturing data from the full body. Structured light scanning is so fast, that it can be used for 4D scanning; i.e. real time 3D scanning at 200 Hz. This offers opportunities to couple movement registration to 3D shape analysis.
Multi-view camera system
A 3D image is acquired from two or more cameras. A stereo-camera records two images at the same time from a different viewpoint. From the content in the two images the depth to the body can be calculated and converted into a dense 3D image in real-time. The advantage of a stereo-camera system is that no laser line or light pattern is transmitted, which means that environmental light cannot interfere with the pattern. However, using the line or patterns enables a 3D image with higher resolution and accuracy.
Millimeter waves There are active and passive millimeter wave scanners. Active scanners use the reflection patterns of millimeter waves projected on the body. Passive scanners process the millimeter waves that are emitted by the human skin. Millimeter waves offer the advantage that they pass through most clothes but not the skin. Thus, the shape of the body can be captured without undressing. This offers an advantage in time and effort, but may introduce an ethical problem because the private parts of the participants can be seen. Millimeter wave scanners are currently employed at airports for the detection of metal parts under garments and offer an alternative for low radiation x-ray scanners.
Body scanning systems normally consist of one or more light sources, one or more vision or capturing devices, software, computer systems and monitor screens to visualize the data capture process [24] . The major scan technologies in use are those using laser and white light, but infrared systems (a specific type of structured light systems) have recently become popular (e.g. TC2, Size Stream, Kinect). It is possible to find many studies that compared the various types of existing body scanners. Jones and Rioux; Olds & Honey; Daanen and Haar; and Daanen and van de Water [24] [25] [26] [27] discuss the use of 3D whole body scanners in anthropometry overall, giving a good overview of the evolution of body scanning technology and the different scanners in use at the various times.
Microsoft Kinect is a relatively new device that, apart for gaming, can also be used as a 3D body scanner. However, due to the simplification of the skeleton it cannot be used for extremely accurate studies [28] [29] [30] . Nonetheless, it is possible to use it when there is no need for such accuracy, like in clothes or shoes sizing, indirect fat measurement or clinical rehabilitation [31, 32] . Recent research has shown that the Kinect system is capable of creating 3D human models with similar accuracy to the expensive and complex 3D body scanning systems [31] . When compared to many traditional systems, the Kinect does not require markers to be placed on participants before data collection, which reduces the data collection time, but also reduces the data accuracy, bringing many errors (e.g. pose estimation [28, 29] ).
Regardless of the system used, it is crucial that the data collected does not contain errors and is reliable and precise. This paper focuses only on the evaluation of precision and reliability, by comparing two techniques for anthropometric data collection. Hence, the objective of this paper is to compare two anthropometric data gathering techniques -manual methods and a Kinect-based 3D body scanner -to understand which of them gives more precise and reliable results. With this information, it would be possible to conclude if the 3D technique could replace the manual technique or if they are both valid to obtain good results.
Precision and reliability in the literature
There are many ways of assessing the data collected and finding possible errors. In the literature, many the terms describe anthropometric measurement error: unreliability, imprecision, undependability, inaccuracy, lack of validity, lack of reliability, lack of reproducibility and bias [33] . However, the definitions and interpretation of each one of these terms vary from author to author. With the literature review it was possible to conclude that there is a great discrepancy between what the variables represent. Hence, it is important to clarify the meaning of these variable so that anthropometric surveys can be properly evaluated and compared. Nevertheless, the terms most used and that have more impact in the interpretation of the data are: precision, reliability and accuracy. Hereon, the definition provided will be based on some pertinent literature and on the authors' understanding.
Precision is the variability between repeated measures by the same observer or by different observers. It is a characteristic of a particular observer using a particular technique to measure a particular variable [34] . Imprecision can be caused by imperfections in the measuring equipment; improper training of the observers; or difficulties in the measurement of certain anthropometric characteristics (such as skinfolds or large circumferences) [5, 35] . The greater the variability between repeated measurements, the greater the imprecision [33, 34] .
The imprecision of anthropometric measurements is often evaluated using the Technical Error of Measurement (TEM). TEM is the most common way to express the measurement error in anthropometry. The International Society for the Advancement of Kinanthropometry (ISAK) has also been using it as an evaluation index to the accreditation of new anthropometrists [10, 36] . The TEM is the standard deviation between repeated measurements taken by a single observer or by multiple observers [34] . It is expressed in the same units as the variable measured and can be used to calculate confidence intervals [35] . Lower values of TEM indicate a higher precision of the measurements. Values above a certain limit are not considered acceptable. According to the ISAK manual [37] , the acceptable TEM values should be 0.1kg for weight, 3cm for height and 2cm for girths. However, as the TEM changes according to age and other specific population characteristics, it can be difficult to determine the acceptable levels [34, 35] . As such, to ease the comparison between different studies, different populations or different anthropometric measurements, the TEM is converted into a relative Technical Error of Measurement (%TEM). The more strict acceptable %TEM levels are 7.5% for skinfolds and 1.5% for others measurements [5, 38] . This variable does not allow comparisons between studies that use more than two observers and, as such, Sicotte et al. [35] advised the use of the TEM instead in those cases.
Reliability is concerned to the extent to which the within-subject variability is caused by factors other than the variance of measurement error or physiological variation [10, 33] . Measures of precision and reliability differ in their units and in the constraints on their possible values. Norton and Olds [34] explained another two differences: (i) precision is a characteristic of a particular measurer using a particular measurement technique on a particular variable, while reliability has the same features plus the additional feature of being depended on the variability of subjects, (ii) measures of precision may be used in subsequent calculations of, for example, confidence intervals, or of the sample size needed to satisfy certain criteria. Reliability can be divided in relative and absolute reliability [39] [40] [41] . Relative reliability relates to the consistency of the position of individuals in a group, i.e., the extent to which individuals maintain their position in a sample over repeated measurements. It can be quantified using correlation coefficients, such as the Intraclass Correlation Coefficient (ICC) and the Reliability Coefficient (R). Absolute reliability is associated with the consistency of scores of individuals, i.e., the degree to which repeated measurements vary for individuals. It can be quantified using the Standard Error of Measurement (SEM) and the Coefficient of Variation (CV).
ICC provides an estimate of reliability and it is an indicator of repeatability, since it allows assessing the agreement between two sets of data [42] . The results are unit-less and can be evaluated using a limit scale, ranging from 0 (less reliable) to 1 (more reliable) [8] . The interpretation of the results varies according to the author considered. Portney & Watkins [43] , for example, used only a scale with two categories (values above or below 0.75). Another example is the use of a four point scale as in Trippolini et al. [44] , where it is stated that ICC³0.90 are excellent; 0.75£ICC£0.90 good; 0.50£ICC£0.75 moderate; and ICC£0.50 poor. The largest classification comes from Geeta et al. [10] , where the ICC is divided in six categories.
R indicates the proportion of between-subject variance free from measurement error. The results are also unit-less and also vary from 0 (all between-subject variation was caused by measurement error) to 1 (no measurement error) [5, 35] . Higher values of R imply greater reliability and values larger than 0.95 are considered sufficiently reliable [5, 33, 35] .
SEM is an absolute index of reliability and represents the expected standard deviation for a particular measurement [42] . The more reliable the measurement, the less error is observed around the mean [39] . The SEM has the same units as the measurements under consideration and the interpretation of the results focuses on the assessment of reliability within individual subjects [40] . Low SEM values represent greater reliability. Denegar & Ball [45] state that direct calculation of the SEM involves the determination of the standard deviation of a large number of data points from an individual.
CV expresses the sample variability relative to the mean. It gives a general impression of the method's performance. However, it can only be used for scales that include a true zero value and is not valid for interval scales (e.g. temperature data [46] ). To better assess the results, they can be transformed into percentages, making them unit-independent. The results obtained can signify that the method has a good performance (≤5%) or that the method's performance is not very good (≥10%) [10] . The CV percentage is good indicator to use when comparing methods. Nonetheless, Bland [47] pointed out that expressing the error as a percentage, will make the smallest observation differ prominently from the largest observation. As such, Chinn [48] suggested that instead of CV, using ICC would be a better alternative since it relates the size of the error variation to the size of the variation of interest. Nevertheless, Atkinson & Nevill [49] argued that the CV should not be used to evaluate reliability, since there are other methods that are more appropriate.
Finally, accuracy can be defined as the extent to which the "true-value" of a measurement can be reached [50] . In turn, inaccuracy represents the systematic bias that reduces the chances of attaining the true value and can be caused by instrument error or by errors in the measurement technique [33] . However, many times, the accuracy analysis is compromised by the difficulty of obtaining the real "true-value".
Materials and methods

Participants
Thirty-seven volunteers, seventeen females and twenty males, aged from 18 to 30 years old, have been involved in this study. Table 2 shows the characteristics of the sample population studied (Mean ± Standard Deviation). The participants were personally invited for this study or via e-mail. Prior to the study all participants were informed of the detailed procedures and requirements of the test and signed an informed consent.
Materials
Before the trials, the process was explained to the participants. All the measurements were taken using two techniques: 3D and manual. The 3D measurements were recorded using a 3D body scanner based on Microsoft Kinect (with four Kinect for Windows 1.5 SDK sensors to acquire 3D data clouds of front and back surfaces of a whole body). Through precise registration of the images captured by each device, the front and back views of the body can be merged and reconstructed to form a smooth and complete digital model that is scalable and rotatable on the computer screen ( Figure 1 ). KBI has a viewing volume of 2 m x 1 m x 0.8 m (height x width x depth), and outputs circumferences, lengths, heights and angles at many automatically-detected landmarks. It provides both hardware and software for 3D body imaging, which is quick (<4s imaging time), portable (on stands), compact (2mx1.5m footprint), relatively accurate and economical. The landmarks can be modified manually if they are not in accordance with visual assessments. The default automatic body dimensions that can be obtained with the automatic measurement extraction software (that comes with the body scanner) reflect the fact that this system was mainly developed for the clothing industry [51, 52] . Furthermore, the measurement extraction software also allows the extraction of other measurements that are not predefined. This system was selected not only because it was the only body scanner available to the authors at the time but also due to the fact that this system had not yet been validated and tested in this way before.
A certified anthropometrist collected the manual measurements using a measuring tape. Before the manual data collection process, the body landmarks that would be needed for the study were identified, to minimize repetition error. The methods used for this were the ones described in the ISO 7250 [53] and the ISAK Manual [37] .
During both measuring processes the participants wore their own underwear and assumed a stationary standing posture during the entire process (which was quicker with the 3D scanner).
Data collection
Two repetitions were performed for both techniques. The participants were first measured automatically (two scans; two files) and then manually with the ten body dimensions measured always in the same sequence. Between repetitions the participants were able to relax and go back to the measuring posture.
As analyzing all the possible body measurements would be an unrealistic task, a set of ten basic body measurements were selected for this study. Table 3 identifies the measurements collected and their definition according to the ISAK manual. The applicability of these definitions to the 3D scans was done as best as possible. This selection includes some of the most significant different types of measurements: circumferences, widths, and lengths. All measurements recorded are surface body dimensions, not point to point linear measurements (such as those that would be taken with a caliper).
Data analysis
The obtained data was analyzed in terms of precision and reliability for both techniques. All the calculations took in consideration all the values (37 participants x 2 repetitions x 2 methods), not only the mean.
For the precision analysis the TEM and the %TEM were calculated (Equation 1 and Equation 2, respectively). SD: standard deviation; : mean of the measurements Additionally, Bland-Altman plots were constructed for the mean difference of each measurement for the two methods in order to determine the level of agreement between the two data type measurement techniques.
Results
The means and standard deviations of the measurements of all the 37 participants are presented in Table 4 . Table 5 presents the results of the TEM and %TEM calculation. TEM values were considered acceptable if lower than 2cm. For the %TEM, values higher than 1.5% were not considered acceptable and are marked with an asterisk. These thresholds were based on ISAK limits of acceptance for a level 1 certified anthropometrist [37] . In terms of precision and according to the obtained results, all TEM values were lower than 2cm, meaning that there was some considerable precision. For the manual measurements, the lowest value (best result) occurred for the calf circumference (TEM Manual =0.23), whilst the highest value (worst result) was recorded for the waist circumference (TEM Manual =1.01). In the 3D measurements, the best score was for the knee circumference (TEM 3D =0.33) and the worst score was for the shoulder width (TEM 3D =1.25). Despite the fact that TEM calculations show that both the manual and the 3D method were precise, the values obtained with the manual technique were slightly lower than for the 3D method, indicating that there was more precision in this case. Figure 2 depicts the differences between the results of the two analyzed methods. There are some measurements where the difference between methods was not very accentuated, such as the knee or hip circumferences. Opposing, there are some measurements that present differences higher than 0.5cm -midthigh circumference, calf circumference, shoulder width and across back length. The biggest difference occurs for the calf circumference, with the 3D technique recording the largest error (TEM Manual =0.23; TEM 3D =0.86). 
Precision
Difference between Manual and 3D TEM Measurements
Regarding the %TEM, in manual measurements the best value recorded was for the calf circumference with 0.64% and the worst was 1.56% for the across chest length. In the scanner measurements the best value was 0.90% for the knee circumference and the highest %TEM value recorded was 2.66% for the shoulder width.
The results of the manual method show that only the across chest length recorded a value higher than 1.5%, whilst in the 3D method, there are seven measurements with values higher than this limit.
Reliability
The results of the first part of the relative reliability analysis, using the ICC, are presented in Table 6 . The measurements with excellent and good reliability values for the ICC are marked with one or two asterisks, respectively (according to Trippolini et al. [44] ). Most of the ICC values indicate an excellent reliability. In the manual measurements, the results indicated excellent reliability in four cases (ICC Manual =0.99). The lowest ICC value recorded in the manual measurements was 0.8 for the neck circumference, which still represents a good reliability. Surprisingly, the neck circumference was the only measurement where the ICC value was higher in the 3D technique. When comparing the two methods, all the measurements, except the neck circumference, present a slightly higher score in the manual technique, implying that it has a better reliability. In the 3D technique, the waist circumference was the measurement that ranked first, with the better result (ICC 3D =0.99) and the shoulder width was the measurement that ranked last with the worst result (ICC 3D =0.91).
The assessment of the relative reliability with the R (thresholds based on Arroyo et al. and Sicotte et al. [5, 35] ) showed that both methods present very similar results that were higher than 0.95. Almost all measurements have values of 0.98 or 0.99. In the cases where there was a small difference between methods, the manual method was always preferred, except for the hip circumference, where the 3D technique shows a better result (R Manual =0.98; R 3D =0.99). The best scores (0.99), in the manual method were obtained for the waist, mid-thigh, knee and calf circumferences. In the 3D method, the best score of 0.99 was obtained for the waist, hip and knee circumferences. The worst scores were found for the across chest length (in the manual method with 0.97) and for the shoulder width (in the 3D method with 0.95). Table 7 shows the results of second part of the relative reliability analysis, using the R. For this variable, values higher than 0.95 were considered sufficiently reliable. Concerning absolute reliability, the SEM does not provide an assessment baseline, so, the lower the error, the higher the reliability. For the manual measurements, the highest value registered was 1.58cm for the neck circumference and the lowest value was 0.23cm for the calf circumference. In the 3D measurements case, the highest value registered 1.97cm for the hip circumference and the lowest value was 0.45 for the knee circumference. Again, the 3D method indicates less reliable results (higher values) for all measurements with the exception of the neck circumference, where it indicates a greater reliability (SEM Manual =1.58; SEM 3D =1.18). In the manual method, the measurements knee circumference, calf circumference and ankle circumference were the ones with the lowest amount of error, all less than 0.5cm; whereas in the 3D method, most measurements have an error higher than 1cm. Table 8 shows the results of the SEM calculations. As SEM does not have a target value, the interpretation in this case was the lower the result, the higher the reliability. CV results show that neither of the methods have a good performance since in all measurements the results were higher than the target value of 5%. In fact, all values in the 3D method and one value in the manual method were above the 10% margin, which indicates a not very good performance. In the manual technique, the best score was for the ankle circumference with 6.98%; while in the 3D techniques, the best score was 10.56% for the hip circumference. The worst score was recorded for the waist circumference in the manual method (CV Manual =12.50%) and for the across chest length in the 3D method (CV 3D =15.12%). CV results are presented in Table 9 . Values lower than 5% represent a good performance of the method (according to Geeta et al. [10] ). 
Discussion
After all the calculations, it was possible to verify that there were some measurements that were more precise and more reliable than others. Table 10 depicts the measurements that obtained the best and the worst scores for each variable analyzed. None of the measurements was the best or the worst in the two methods at the same time. While there are measurements that represent the best or the worst result in a given method, there was one measurement, the across back length, that was neither very reliable nor very precise in either method. The calf circumference is the only measurement that represents the best result in almost every evaluation parameter (excluding the CV) in the manual method. This situation can be understood because this was the easiest measurement to take manually, with a very well defined landmark.
The results show that, in general, the measurements presented better results for reliability than for precision. The scores obtained in the calculations of the ICC and R variables (relative reliability) allowed more than one measurement to be considered as the best result.
The ranking of each measurement inside each variable was plotted for both methods. The results of the calculation for each variable were placed in ascending or descending order according to the meaning of the value (e.g. in the TEM calculations, a higher value indicates a worst result whilst in the ICC calculation, a higher value indicates a better result). The ranking goes from 1 (better result) to 10 (worst result). Figure 3 shows this ranking for the manual method, with the values closer to the central axis more positive and those outside more negative. This graphical representation helps to understand which measurements have the best and worst performances for each variable. As previously stated, the calf circumference was the measurement that demonstrates the best result for all variables, except CV. Opposite, it was possible to find the variable waist circumference and shoulder width, with most results ranked as the worst for almost all variables.
Accordingly, Figure 4 shows this ranking for the 3D method. Interestingly, in the 3D technique, the waist circumference measurement, that had one of the worst behaviors in the manual method, has now a better performance than many other measurements. Nonetheless, the shoulder width measurement still presents some of the worst results for almost every variable alongside with the across chest and across back lengths. This can be easily understood since in the 3D image of the scanner it was simple to identify the narrowest part of the body and its contour, whereas in the manual method the correct reading of the measurement can be influenced by the amount of body fat surrounding this area and by pressure exerted on the measuring tape. Areas with large amounts of accumulated fat tissue are more difficult to measure manually not only because of the difficulty to determine the correct pressure to exert but also because of the difficulty of identifying the correct landmark. Using manual techniques, palpation and recognition of some skeletal points are required to identify some landmarks. When those predefined locations are covered with excessive fat tissue the palpation process is very much complicated.
The several Bland-Altman plots were designed to illustrate the variability of the measurements, by showing the spread of differences in the two measurements of each body part, their mean difference and the upper and lower limits of agreement for both techniques. In all the measurements the mean difference value was very close to 0, which is a good indicator. However, this small difference indicates some evidence of systematic proportional bias (trend). The measurement that has a mean difference farthest from 0 was the hip circumference in the manual technique (Mean=0.4914cm). Figure 5 depicts the Bland-Altman plots for the hip circumference measurement for both techniques. In terms of the limits of agreement, they are widely separated from the mean, which indicates some ambiguity in the results. In contrast, there are also some measurements where the limits of agreement were very close to the mean (knee circumference both manual and 3D; calf circumference manual and ankle circumference manual), which indicates that there was a smaller bias in these cases. An example of this small range in the limits of agreement can be found in Figure 6 , for the knee circumference both in the manual and 3D techniques. These results are consistent with the previous calculations where these measurements where the ones that presented the best performance for almost every variable (see ranking of Figure 3 and Figure  4 ). Regarding the dispersion of the dots, there are some measurements where there is some funneling effect, as the scatter around the bias line gets larger as the average gets higher. These measurements were all in the 3D method (neck, hip, the mid-thigh circumferences; shoulder width, across chest and across back length). In Figure 6 this can be noticed for the hip circumference (3D), where there is a greater variability of the data than in the manual method. Figure 7 also shows that the 3D method has more variability than the manual method.
Regardless of the values themselves, which represent a natural variation in measurements among the participants, it is also noticeable a difference on the variability of the measurements for body parts with different characteristics. The manual method is the one that is expected to have the largest variability due to natural configuration of fat and muscle. In the hip, the measurements are made over large areas of muscle mass and fat deposits (that would result in greater variation) whilst in the knee the measurements are made over bone, tendons and ligaments (allowing for closer values for the largest to the smallest person).
However, for both these examples the largest variability is registered in the 3D method. This can be explained by the different values obtained in each repetition. In fact, according to the results, the 3D method was the one that presented the worst results most of the time.
Although sometimes the identification of landmarks is easier to do in the 3D measurement software (as waist circumference), this identification can often be extremely challenging. Furthermore, the location of the landmarks on the participants' body may not be exactly the same in both methods, since the 3D measurement software automatically identifies the correct body locations. Despite being based on complex algorithms, this automatic identification sometimes presents certain errors. Hence, these imprecisions in the 3D technique can be due to the difficulty of identifying the proper landmark to perform the measurement on the computer screen. Figure 7 displays five repetitions of scans taken from one of the study participants.
As it can be seen, the location of the several landmarks was not always the same. For example in the calf region, it is possible to see that the blue line with the red dot is not placed exactly on the same spot in all five images. In the third repetition the calf was wrongly placed right below the knee (Figure 8 in yellow) . The same problem can also be seen for the hip region. The landmark is only correctly placed in the first and last repetition, where on the others it is near the waist (Figure 8 in orange) . Although this is an automatic process, it is possible to move the body location where the landmark was placed to another more suitable location. However, moving the landmark location empirically to the exact same location in the various repetitions is sometimes difficult and time-consuming. Nonetheless, modifying the landmark placement visually may provide the best compromise between time-consuming manual methods, and inconsistent automated scan measurements.
This fact, allied to other potential problems that may occur during a measuring session with a body scanner, if for example the participants move during the scanning process, causes the data to be less precise and reliable than the data obtained with manual methods.
These results seem to imply that the 3D technique is not very precise, since most of the measurements were above the limit value. However, this is the limit for highly trained human observers, set by ISAK (for highlevel accredited personnel). Since this is a technique that involves little human interaction, perhaps the value of the method outperforms the manual method, and depending on the end use of the measurement, the limits should not be the same. If a less strict limit was imposed, as the novice ISAK anthropometrists (max %TEM=2%), the results obtained would still not be optimal, but they could be accepted. Nonetheless, for applications such as the clothing industry, where the requirement for level of precision of the measurements is not high, the data obtained through 3D methods is perfectly acceptable. In a previous study conducted by the authors, with the same data, the results obtained with the 3D scanner were compared to the ISO 20685 [54] and to other studies that used 3D scanners to collect anthropometric data. The study proved that this Kinect-based 3D scanner is comparable to other devices in the market and is able to give sufficiently good results. With a 3D capturing system it is possible to record many more measurements (virtually all possible measurements in the human body) than the necessary for a particular study. It is also useful for other studies where different measurements are taken in consideration, since the data is already stored in a computer and always accessible, without the need to measure the same participants in other body locations.
Limitations of the study
This study had some inherent limitations. The 3D scanning system based on the Kinect used for this study is not a commercially available, fully developed 3D body scanner, which may have affected the results obtained.
Other body scanners specifically built for the purpose of anthropometric data collection might have shown better reliability and precision results.
Another limitation is with the automatic positioning of the landmarks in the 3D scans, which might have not been exactly the same used in the manual measurements. Moreover, as this study included two repetitions of the same measurement, moving the landmarks could also have affected the results.
The limits for all the error measurement evaluation calculations was originally meant for manual measurements. Perhaps, using these same limits for 3D scans is not the most appropriate assessment procedure. However, these are the only currently available option.
Conclusions
The results of this study showed that, for most of the selected body measurements, the manual method produced better results than the 3D body scanner. However, the difference between the two methods was not very large, as was observed with all the calculations. Hence, it can be said that for applications that require lower levels of precision and reliability (such as clothing, where one centimeter more or less does not have major impacts), the anthropometric data collected with the body scanner can be used.
As such, in future studies, where there is the possibility of using one of these methods, the selection of either one of them would be a valid option. Still, it should be pointed out that this study only encompassed the comparison of the manual methods with one particular body scanner, the only one that was available for the researchers, and that there may be other body scanners that could give worst or better results.
Scanners using white light and laser light sources have been on the market for a long time, unlike the relatively new infrared light source scanners, and may give better results. Also, the reliability and precision of the scanner output is directly related to the quality of the automated software that is used to extract measurements. Some studies on body scanners have been conducted over the years that conclude that they can be both reliable and precise enough for anthropometric data collection for many end uses. Using a 3D body scanner and in particular, the system based on the Microsoft Kinect, can be better than taking the measurements manually, as it is a much faster process with very similar results.
